1. Introduction {#sec1-ijms-19-03006}
===============

Wheat (*Triticum aestivum* L.) is one of the most important cereal crops and staple foods in the world. In the last 30 years, a 1.2% increase in wheat global average annual yield/unit area has been found because of the combination of improved cultivars and advanced agronomic practices \[[@B1-ijms-19-03006],[@B2-ijms-19-03006]\]. As a human-made crop, Octoploid Triticale (2n = 8x = 56, AABBDDRR) is the first Triticale produced and a new potential crop. It is regarded to combine the quality of common wheat and the resistance to abiotic stresses of rye. Wheat is regarded to be an important source of carbohydrates and has many vitamins minerals, and proteins \[[@B1-ijms-19-03006]\]. However, the detailed photosynthetic efficiency and the antioxidative capacity are unknown within and between wheat with different ploidy levels and octoploid Triticale.

It is well known that the first domestication of wheat occurred about 10,000 years ago \[[@B3-ijms-19-03006]\]. The long history of wheat domestication has shown the development of polyploidy and the adaptation to different climatic regimes \[[@B4-ijms-19-03006]\]. Moreover, difference in traits and environment tolerance were also shown in plant materials representing different stages of wheat improvement \[[@B5-ijms-19-03006]\]. Based on the number of chromosomes, *Triticum* genus is classified into three main species: diploid (2n = 2x = 14), tetraploid (2n = 4x = 28), and hexaploid (2n = 6x = 42) \[[@B6-ijms-19-03006]\]. As shown in [Figure S1](#app1-ijms-19-03006){ref-type="app"}, the tetraploid wheat (AABB) derived from natural hybridization between the diploid grass *Triticum* (*Aegilops*) species and the diploid wheat (*Triticum urartu*). Hexaploid wheat (AABBDD) is one of the most famous allopolyploid species and produced through the human-made method ([Figure S1](#app1-ijms-19-03006){ref-type="app"}). However, octoploid Triticale (AABBDDRR) was obtained from the crossing of wheat and rye \[[@B7-ijms-19-03006]\].

Many studies have showed that some morphological and physiological traits in the domestication and selection of wheat are mainly influenced by nuclear genomes \[[@B2-ijms-19-03006],[@B8-ijms-19-03006],[@B9-ijms-19-03006],[@B10-ijms-19-03006]\]. Previous studies indicated that the D genome was involved in flag leaf area, gas exchange, chlorophyll content, and the net photosynthesis rate \[[@B11-ijms-19-03006],[@B12-ijms-19-03006]\]. A genome of wheat might contain the genes that regulate the growth of roots, water use efficiency, and net photosynthesis rate \[[@B13-ijms-19-03006],[@B14-ijms-19-03006]\]. R genome of wheat probably contains the genes that control the high water-utilizing efficiency and stomatal conductance \[[@B15-ijms-19-03006]\]. Furthermore, B genome of wheat was probably involved in the stomatal resistance and photosynthetic rate \[[@B16-ijms-19-03006]\]. Several studies found that transpiration rate and photosynthetic rate decreased occasionally with the increase in the ploidy levels of wheat during the development process \[[@B17-ijms-19-03006],[@B18-ijms-19-03006]\]. Therefore, the different genomes and the ploidy levels of chromosomes seem to play different roles in morphological, physioloigical and biochemical characteristics of wheat. Although many researchers have reported that the effects of genome and different polidy on grain size, seedling growth, and photosynthesis of wheat \[[@B8-ijms-19-03006],[@B19-ijms-19-03006],[@B20-ijms-19-03006]\], much less attention has been paid to the detailed photosynthetic characteristics and the antioxidative capacity among the three wheat species with different ploidy levels and octoploid Triticale.

Here, the photosynthesis and antioxidant system of wheat species differing in ploidy level and octoploid Triticale were investigated by comparing the difference in seed germination, plant growth, photosynthetic efficiency, gas exchange parameters, the activities of antioxidative enzymes, and the amounts of photosynthetic proteins. The goal of the present research was to evaluate the influence of different genomes and ploidy levels of chromosome on photosynthetic performance and the antioxidant system. Our results suggest that different ploidy levels of chromosomes are involved in the antioxidant defense system and the photosynthetic capacity in wheat species and octoploid Triticale.

2. Results {#sec2-ijms-19-03006}
==========

2.1. High Ploidy Levels Are Associated with Better Growth {#sec2dot1-ijms-19-03006}
---------------------------------------------------------

To study the effects of different ploidy levels of chromosomes on the growth and yield, several growth and yield indexes were compared among the three wheat species with different ploidy levels and octoploid Triticale. As shown in [Figure 1](#ijms-19-03006-f001){ref-type="fig"}A, the phenotypes were different among the three wheat species with different ploidy levels and octoploid Triticale. Among these plants, Z16 (*Triticum monococcum*) presented the slowest growth rates and the smallest size, suggesting that wheat species with lower ploidy levels accumulate less biomass. Furthermore, plant height, root length, leaf area, and total length of Z16 were significantly lower than those in H89 (*Triticum dicoccum*), CN19 (*Triticum aestivum*), and XZ31 (octaploid Triticale) ([Table 1](#ijms-19-03006-t001){ref-type="table"}). Compared with Z16, H89, and XZ31, CN19 showed the highest seed germination. In addition, we also found that CN19 presented the highest 1000-grain weight (52.8 g) compared to Z16, H89, and XZ31 ([Table 1](#ijms-19-03006-t001){ref-type="table"}). These results indicated that CN19 and XZ31 had good growth, suggesting that high ploidy levels of chromosomes are probably associated with better growth in wheat species.

2.2. High Ploidy Levels Are Associated with Higher Pigment Content, Proline Content, Total Protein, Soluble Sugar, But Lower Stomatal Density {#sec2dot2-ijms-19-03006}
---------------------------------------------------------------------------------------------------------------------------------------------

To find out the reasons about the differences in the growth and yield the differences among the three wheat species with different ploidy levels and octoploid Triticale, several physiological parameters were further investigated. The differences in pigment contents among Z16, H89, CN19, and XZ31 were shown in [Figure 1](#ijms-19-03006-f001){ref-type="fig"}B--D. Chlorophyll (Chl) and carotenoid contents showed no significant differences among H89, CN19, and XZ31 ([Figure 1](#ijms-19-03006-f001){ref-type="fig"}B,C). However, Z16 presented the lowest contents of Chl and carotenoid. Furthermore, there was no significant difference in Chl *a*/*b* among Z16, H89, CN19, and XZ31 ([Figure 1](#ijms-19-03006-f001){ref-type="fig"}D). Chl showed a strong positive correlation with 1000-grain weight ([Table S1](#app1-ijms-19-03006){ref-type="app"}). In addition, we also found that the contents of soluble sugar, soluble protein, and proline in Z16 were significantly lower than those in H89, CN19, and XZ31 ([Table 2](#ijms-19-03006-t002){ref-type="table"}). Although there were no significant differences in the contents total protein and proline among H89, CN19, and XZ31, soluble sugar content in XZ was the highest compared with Z16, H89, and CN19. Furthermore, the stomatal properties in the second leaf were analyzed among Z16, H89, CN19, and XZ31 ([Figure S2](#app1-ijms-19-03006){ref-type="app"} and [Table 2](#ijms-19-03006-t002){ref-type="table"}). We found that the number and size of stomata were different among Z16, H89, CN19, and XZ31 ([Figure S2](#app1-ijms-19-03006){ref-type="app"}). In addition, Z16 and XZ31 presented the lowest and highest perimeter and area of single stomata ([Table 2](#ijms-19-03006-t002){ref-type="table"}). In contrast, the order of stomatal density was Z16 \> H89 \> CN19 \> XZ31.

2.3. High Ploidy Levels Are Associated with Higher Photosynthetic Capacities {#sec2dot3-ijms-19-03006}
----------------------------------------------------------------------------

The maximal P700 signal (*P*m) is considered to be interpreted as the maximum photo-oxidizable PSI content \[[@B21-ijms-19-03006]\]. As shown in [Figure 2](#ijms-19-03006-f002){ref-type="fig"}, PSI photochemistry showed different changes among Z16, H89, CN19, and XZ31. PSI quantum yield (ΦPSI) in CN19 was higher than that of Z16, H89, and CN19 in low and moderate light intensities. In CN19 and XZ31, the quantum yield of non-photochemical energy dissipation of PSI reaction centers due to an acceptor side limitation (Φ~NA~) efficiently decreased in moderate and high light intensities, whereas the relatively high level of Φ~NA~ was observed in Z16, suggesting possible over reduction of the PSI acceptor side. Furthermore, the quantum yield of non-photochemical energy dissipation in PSI reaction centers due to donor-side limitation (Φ~ND~) retained higher level in CN19 as compared with Z16, H89, and XZ31 in moderate and high light intensities, indicating higher oxidation status of P700 in CN19. In addition, *P*m was significantly lower in Z16 and H89 as compared with CN19 and XZ31 ([Figure 2](#ijms-19-03006-f002){ref-type="fig"}D). Pearson correlation analysis suggested that *P*m and ΦPSI had better correlations with 1000-grain weight ([Table S1](#app1-ijms-19-03006){ref-type="app"})**.**

Next, PSII photochemistry among wheat with different ploidy levels and octoploid Triticale was determined by a modulated imaging fluorometer. The value and color of the maximum efficiency of PSII photochemistry (*Fv*/*Fm*) among Z16, H89, CN19, and XZ31 showed no significant differences ([Figure 3](#ijms-19-03006-f003){ref-type="fig"}A,E). However, we found that the values of the quantum yield of PSII electron transport (ΦPSII) ([Figure 3](#ijms-19-03006-f003){ref-type="fig"}B,F) and the photochemical quenching (qP) ([Figure 3](#ijms-19-03006-f003){ref-type="fig"}D,H) were obviously higher in CN19 compared to Z16, H89, and XZ31. Compared to Z16 and H89, CN19, and XZ31 presented the higher levels of the fraction of PSII centers in open states (qL) ([Figure 3](#ijms-19-03006-f003){ref-type="fig"}C,G). We also found that PSII photochemistry was strongly correlated with 1000-grain weight in these plants ([Table S1](#app1-ijms-19-03006){ref-type="app"}).

The non-photochemical quenching (NPQ) is the key photoprotection process in PSII. Excess light energy is harmlessly dissipated as heat by NPQ. NPQ values of wheat with different ploidy levels and octoploid Triticale were investigated in the present study ([Figure 4](#ijms-19-03006-f004){ref-type="fig"}). We found that CN19 and XZ31 had similar NPQ kinetics. Compared to CN19, induction of NPQ in Z16 and H89 was slower and reached a lower amplitude (1.8 at *t* = 10 min). Moreover, dark recovery was nearly the same among CN19, Z16, and XZ31. Except for the H89, the NPQ of CN19, Z16 and XZ31 relaxed to the same value in the dark. State transitions are thought to be good indicators of the energy conserving response \[[@B22-ijms-19-03006]\]. We also measured the capacity of state I to state II transition among Z16, H89, CN19 and XZ31. As shown in [Figure S3](#app1-ijms-19-03006){ref-type="app"}, there was no obviously difference among Z16, H89, CN19 and XZ31. Only a transitory increase of fluorescence in CN19 and XZ31 was observed when the first far-red light was on.

To further examine the differences in the photosynthetic capacities among wheat with different ploidy levels and octoploid Triticale, the net photosynthetic rate (*P*n), transpiration rate (Tr), intercellular CO~2~ concentration (Ci), and stomatal conductance (Gs) were measured ([Figure 5](#ijms-19-03006-f005){ref-type="fig"}). There were no significant differences in gas exchange parameters between CN19 and XZ31. Compared to CN19, Z16 and H89 presented the significant decrease in gas exchange parameters, especially in Z16. These results further demonstrated that CN19 and XZ31 have higher photosynthetic capacities.

2.4. High Ploidy Levels Are Associated with Lower ROS Accumulation {#sec2dot4-ijms-19-03006}
------------------------------------------------------------------

To investigate the differences in ROS production among wheat with different ploidy levels and octoploid Triticale, the levels of the two major ROS species, H~2~O~2~ and O~2~^•--^, were analyzed. Analysis of histochemical staining from the leaves using NBT and DAB showed that slight staining was observed in CN19 and XZ31 leaves ([Figure 6](#ijms-19-03006-f006){ref-type="fig"}A,B). However, Z16 presented the deep blue and yellow, suggesting high levels of O~2~^•--^ and H~2~O~2~, respectively. To confirm these results, the contents of O~2~^•--^ and H~2~O~2~ were measured. The results were almost identical to those observed by histochemical staining ([Figure 6](#ijms-19-03006-f006){ref-type="fig"}C,D). Compared to Z16, CN19 presented the lowest contents of H~2~O~2~ and O~2~^•--^ (52.1% and 74.2%, respectively).

2.5. High Ploidy Levels Are Associated with Higher Enzymatic and Non-Enzymatic Antioxidant Activities {#sec2dot5-ijms-19-03006}
-----------------------------------------------------------------------------------------------------

The differences observed among Z16, H89, CN19 and XZ31 regarding ROS accumulation led us to further investigate their antioxidant defense systems. Compared to CN19, XZ31 displayed similar activities of six antioxidant enzymes. Exception of peroxidase (POD), Z16 and H89 also showed the similar antioxidant enzyme activities. Compared to CN19, the activities of superoxide dismutase (SOD), POD, catalase (CAT) and ascorbate peroxidase (APX) in Z16 significantly decreased by 14.2%, 65.1%, 14.5%, and 50.2% ([Figure 7](#ijms-19-03006-f007){ref-type="fig"}A--D), respectively. However, there was no significant difference in activities of glutathione reductase (GR) and glutathione peroxidase (GPX) among Z16, H89, CN19 and XZ31 ([Figure 7](#ijms-19-03006-f007){ref-type="fig"}E,F). In addition, we also examined the contents of reduced ascorbic acid (AsA) and reduced glutathione (GSH), which are important antioxidant molecules. Although dehydroascorbate (DHA) and oxidized glutathione (GSSG) concentrations showed no obvious differences among Z16, H89, CN19 and XZ31, CN19 presented the highest concentrations of AsA and DHA compared to the other three plants ([Figure S4](#app1-ijms-19-03006){ref-type="app"}). These results indicated that CN19 has a more efficient antioxidant defense system.

2.6. Ploidy Levels Are Not Associated with Thylakoid Membrane Protein Contents {#sec2dot6-ijms-19-03006}
------------------------------------------------------------------------------

The differences in photosynthetic capacity are usually involved in the levels of thylakoid membrane proteins in plants. Therefore, the differences in the levels of PSI and PSII proteins were further analyzed by immunoblotting among Z16, H89, CN19 and XZ31 ([Figure 8](#ijms-19-03006-f008){ref-type="fig"}). Except for D1, PsaD and Lhcb4, almost no detectable changes in the amount of almost all the analyzed thylakoid membrane proteins were observed among Z16, H89, CN19, and XZ31 ([Figure 8](#ijms-19-03006-f008){ref-type="fig"}A). Interestingly, the levels of D1, PsaD, and Lhcb4 proteins showed significant decreases in Z16 compared to H89, CN19 and XZ31 ([Figure 8](#ijms-19-03006-f008){ref-type="fig"}A and [Figure S5](#app1-ijms-19-03006){ref-type="app"}).

3. Discussion {#sec3-ijms-19-03006}
=============

It is well known that plant growth and photosynthetic characteristics have obvious differences in the process of wheat evolution \[[@B9-ijms-19-03006],[@B14-ijms-19-03006],[@B19-ijms-19-03006]\]. Increased heterozygosity with increasing ploidy level may be an important one of their ecological and evolutionary successes relative to their diploid ancestors \[[@B23-ijms-19-03006]\]. Many studies have indicated that domestication and ploidy level had significant effects on the morphological, physiological, biochemical, yield and yield components of wheat \[[@B2-ijms-19-03006],[@B10-ijms-19-03006]\]. In the present study, we investigated the differences in the photosynthetic characteristics and antioxidant systems among wheat with different ploidy levels and octoploid Triticale.

It has been known that the photosynthetic pigments function as an important element of photosynthesis and play an important role in the absorption and conversion of light \[[@B1-ijms-19-03006]\]. A previous study indicated that the reduction in chlorophyll content might be the reason for the low photosynthetic ability in hexaploidy \[[@B9-ijms-19-03006]\]. Our results showed that the pigment contents in diploid wheat is significantly lower than others, indicating that high ploidy levels may be associated with higher photosynthetic pigment levels and higher photosynthetic capacities. The significant correlation between Chl and 1000-grain weight also indicated that hexaploid wheat and octoploid Triticale have high photosynthesis. Polyploids are associated with phenotypic plasticity, which may increase their range of ecological tolerance \[[@B24-ijms-19-03006],[@B25-ijms-19-03006]\]. Our results showed that plant height and root length in hexaploid wheat and octoploid Triticale were significantly higher than those in diploid and tetraploid wheat ([Figure 1](#ijms-19-03006-f001){ref-type="fig"} and [Table 1](#ijms-19-03006-t001){ref-type="table"}). All these results indicated that the hexaploid wheat and octoploid Triticale had stronger morph-physiological adaptation.

It is well known that soluble sugar and proline are the two most important organic solutes and increase in response to environmental stresses in plants \[[@B26-ijms-19-03006]\]. Many studies proposed that proline accumulation can be used to evaluate drought tolerance in cereals \[[@B27-ijms-19-03006],[@B28-ijms-19-03006]\]. A recent study showed that soluble sugar concentration increased with the ploidy level under drought stress \[[@B2-ijms-19-03006]\]. In the present experiment, we found that the levels of proline and soluble sugar in hexaploid wheat and octoploid Triticale were high. These findings may suggest that hexaploid wheat and octoploid Triticale have a better growth under sub-optimal growth conditions.

Although PSI is usually resistant to photoinhibition, the damage of PSI may be a more serious problem than PSII photoinhibition due to the slow recovery of PSI \[[@B29-ijms-19-03006]\]. *P*m is the maximum P700 signal measured at saturation light pulse in a dark-adapted state \[[@B21-ijms-19-03006]\]. In the present experiment, a significant decrease in photo-oxidizable PSI (*P*m) was observed in Z16, probably due to a result of a permanently increased reduction of PSI acceptor side (indicated by Φ~NA~ parameter). A previous report indicated that PSI inactivation was involved in the over reduction of PSI acceptor side (high value of Φ~NA~) \[[@B30-ijms-19-03006]\]. Consistent with this finding, our results showed that CN19 and XZ31 presented low Φ~NA~ value, suggesting higher PSI activities in tetraploid wheat and octoploid Triticale. In addition, PSI photoinhibition might be alleviated when the photooxidation rate of P700 (Φ~ND~) in PSI exceeds the reduction rate of P700 \[[@B31-ijms-19-03006]\]. Here, we found that the high value of Φ~ND~ in hexaploid wheat, suggesting that hexaploid wheat has a well capacity in alleviating the over-reduction of the PSI acceptor side.

Chlorophyll fluorescence (e.g., *Fv*/*Fm*, NPQ, qP and ΦPSII) has been considered to be non-invasive tool for the detection of plant photosynthetic performance under stressful and non-stressful conditions \[[@B32-ijms-19-03006],[@B33-ijms-19-03006]\]. In the present study, the hexaploid wheat presented significantly high levels of qP, qL and ΦPSII ([Figure 3](#ijms-19-03006-f003){ref-type="fig"}). The high level of NPQ kinetics indicated that hexaploid wheat increases the efficiency of photochemical reactions of photosynthesis by dissipates effectively excess light energy \[[@B34-ijms-19-03006]\]. In addition, hexaploid wheat showed high values for qL and qP, suggesting a greater fraction of open reaction centers and a greater fraction of maximum PSII efficiency, respectively \[[@B35-ijms-19-03006]\]. Correlation analysis indicated that all chlorophyll fluorescence parameters were significant with 1000-grain weight ([Table S1](#app1-ijms-19-03006){ref-type="app"}). The findings probably suggested that hexaploid wheat has a high photochemical efficiency. State transitions, the mechanisms by which photosystems balance their complements of LHCII between PSI and PSII depending on the reduction status of plastoquinone, are a good indicator in the process of energy dissipation \[[@B22-ijms-19-03006]\]. In our study, state transitions did not present a significant difference among wheat with different ploidy levels and octoploid Triticale, probably suggesting that LHCII migration is similar among different plant species and octoploid Triticale. These results demonstrated that hexaploid wheat has a higher photosynthetic capacity compared to diploid and tetraploid wheat and octoploid Triticale. In addition, our results indicated that chlorophyll fluorescence was significantly correlated with crop yield especially, suggesting that photosynthetic parameters were probably good markers in the selection of plant species \[[@B1-ijms-19-03006]\].

It has been known that photosynthesis can be affected via stomatal opening in plants. A previous study indicated that the stomatal length, width, perimeter, and area increased with the increase in ploidy levels \[[@B9-ijms-19-03006]\]. Our results demonstrated that hexaploid wheat and octoploid Triticale had large stomata and low stomatal density ([Table 2](#ijms-19-03006-t002){ref-type="table"}). However, a previous study showed that diploidy had higher *P*n and chlorophyll content than tetraploidy and hexaploidy \[[@B9-ijms-19-03006]\]. Our results were not consistent with their findings. These differences may be attributed into different wheat species. A high value of *P*n in hexaploid wheat may be associated with the high crop biomass yield potential \[[@B11-ijms-19-03006]\]. In addition, our correlation analysis showed that 1000-grain weight was significantly correlated with *P*n, probably suggesting hexaploid wheat has a high photosynthetic efficiency. A previous study indicated that stomatal conductance was a good screening technique for stressful tolerance in plants \[[@B36-ijms-19-03006]\]. In our experiment, four gas exchange parameters (*P*n, stomatal conductance, transpiration rate, and intercellular CO~2~ concentration) in CN19 and XZ31 were higher than Z16 and H89. A similar result was also observed in wheat with different ploidy levels under drought stress \[[@B2-ijms-19-03006]\]. Therefore, our findings suggested that hexaploid wheat and octoploid Triticale have higher photosynthesis than diploid and tetraploid wheat.

It has been well known that ROS plays a dual role in plants as important signal molecules or as toxic products of metabolism in cells, which may cause oxidative stress and photoinhibition \[[@B37-ijms-19-03006]\]. This study showed that CN19 and XZ31 accumulated lower concentrations of ROS compared to Z16 and H89. Low ROS levels are thought to act as signal transduction molecules initiating several protective resistances \[[@B38-ijms-19-03006]\]. Here, we proposed that hexaploid wheat and octoploid Triticale probably have a more effective ROS-scavenging system.

A complex array of enzymatic and non-enzymatic antioxidant defense systems are developed to maintain redox homeostasis in plants \[[@B39-ijms-19-03006],[@B40-ijms-19-03006]\]. Oxidative damage can be eliminated or alleviated by the coordinated action of antioxidant enzymes and antioxidants. In our experiment, the activities of four antioxidant enzymes (SOD, POD, CAT, and APX) were significantly high in CN19 and XZ31, while markedly low in Z16 ([Figure 7](#ijms-19-03006-f007){ref-type="fig"}), suggesting that hexaploid wheat and octoploid Triticale have a good antioxidant enzymatic system. Previous studies have indicated that the AsA-GSH cycle is another important protection system against ROS damage to different cells \[[@B39-ijms-19-03006]\]. Our results showed that high concentrations of AsA and GSH in hexaploid wheat and octoploid Triticale. Therefore, these results indicated that hexaploid wheat and octoploid Triticale have more effective enzymatic and non-enzymatic antioxidant systems, which may reduce oxidative damages resulted from excessive ROS production. In general, high ploidy levels are associated with higher enzymatic and non-enzymatic antioxidant activities, but low levels of ROS.

Our recent study showed that the levels of photosynthetic proteins may be different in different wheat strains \[[@B1-ijms-19-03006]\]. In the present study, our results showed that the contents of several thylakoid proteins (D1, PsaD, and Lhcb4) were markedly low in diploid wheat. In contrast, the levels of these proteins were high in hexaploid wheat and octoploid Triticale. D1, as one of the two reaction center proteins of PSII, is the primary target of photodamage of PSII and subject to repair during photoinhibition \[[@B41-ijms-19-03006]\]. PsaD is necessary for structural organization and function of the PSI complex by interaction with other proteins \[[@B42-ijms-19-03006]\]. Lhcb4 (CP29) is critical to the efficient light harvesting, PSII organization, energy dissipation, and photoprotection in higher plants \[[@B43-ijms-19-03006]\]. Therefore, high levels of D1, PsaD, and Lhcb4 probably suggest that hexaploid wheat and octoploid Triticale have higher photosynthetic capacity than diploid and tetraploid wheat.

4. Materials and Methods {#sec4-ijms-19-03006}
========================

4.1. Plant Material and Experimental Conditions {#sec4dot1-ijms-19-03006}
-----------------------------------------------

Three representative wheat accessions and one genotypes of *Triticale*, diploid accessions (*T. monococcum* L., Z16 with AA genome), tetraploid accessions (*T. dicoccum* Schuebi., H89 with AABB genome), hexaploid accessions (*T. aestivum* L., CN19 with AABBDD genome) and octaploid *Triticale* accessions (XZ31 with AABBDDRR genome) were used in this experiment ([Table 3](#ijms-19-03006-t003){ref-type="table"}). The seeds were provided by Sichuan Agricultural University, Ya'an, China.

Experiments were carried out at Sichuan Agricultural University in Ya'an (29°59′ N, 103°00′ E), Sichuan Province, China. The tested seeds of all genotypes were selected and sterilized for 10 min with 0.1% NaClO. Then they were thoroughly washed with distilled water three times, and germinated in Petri-dishes at room temperature for two days in the darkness. The germinated seedlings with uniform size were transferred in sterilized sand with 1/2 Hoagland's solution in a greenhouse (illumination of 250 μmol∙m^−2^∙s^−1^; 75--85% relative humidity; 25/20 °C day/night temperature) until the trefoil stage. For calculating 1000-grain weight, the field experiments of wheat were conducted at the experimental farm of Sichuan Agricultural University in 2016 and 2017 according to the method of Chen et al. \[[@B1-ijms-19-03006]\].

4.2. Seed Germination, Seedling Growth, 1000-Grain Weight, and Stomata {#sec4dot2-ijms-19-03006}
----------------------------------------------------------------------

Germination rate was determined when 70% of control roots were about 5 mm long \[[@B44-ijms-19-03006]\]. During trefoil stage, seedling growth including root length, the number of roots, height, total length, and leaf area of the second leaves, was measured according to the method of Xiong et al. \[[@B45-ijms-19-03006]\]. Z16, H89, CN19, and XZ31 were harvested manually at full maturity and threshed. Then, 1000 grain-weight was obtained.

The stomatal structure in second leaves was photographed by fluorescence microscopy (Bx53 System, Olympus Corporation, Tokyo, Japan) according to the method of Kondo et al. \[[@B46-ijms-19-03006]\]. The number of stomata in each photograph was calculated and converted into a stomata density. We also measured single stomata perimeter and area.

4.3. Pigment Contents, Osmotic Regulators, and Total Protein Content {#sec4dot3-ijms-19-03006}
--------------------------------------------------------------------

The contents of chlorophyll (Chl) *a* and *b* were determined by taking fresh seedling leaves (0.5 g) as the previous method described \[[@B47-ijms-19-03006]\]. After filtering, absorbance of the filtrate was recorded at 663 and 645 nm using a UV-visible spectrophotometer (Hitachi-U2000, Tokyo, Japan). Carotenoid were extracted from the fresh leaves with 80% (*v*/*v*) acetone and measured at 480 and 510 nm spectrophotometrically by the previous method \[[@B48-ijms-19-03006]\]. Soluble sugar was extracted from the leaves using an 80% ethanol solution in boiling water. Then its content was colorimetrically measured after reacting with anthrone reagent according to the method of Thomas \[[@B49-ijms-19-03006]\]. Proline were extracted in 3% (*w*/*v*) sulfosalicylic acid and the measurement of its content was performed at 520 nm using a UV spectrophotometer as described previously by Bates et al. \[[@B50-ijms-19-03006]\]. A UV spectrophotometer was applied for the determination of total soluble proteins in fresh leaves (0.5 g), which were homogenized with 5 mL sodium phosphate buffer (pH 7.2) and then centrifuged for 10 min at 4 °C \[[@B51-ijms-19-03006]\].

4.4. Measurements of Leaf Chlorophyll Fluorescence and Gas Exchange {#sec4dot4-ijms-19-03006}
-------------------------------------------------------------------

Imaging PAM M-Series Chlorophyll Fluorescence System (Heinz-Walz Instruments, Effeltrich, Germany) was applied for measurement of modulated chlorophyll fluorescence according to the user manual. The leaves were dark adapted for 1 h before taking images and reading. Actinic light intensity was set to an irradiance of 180 μmol∙m^−2^∙s^−1^, and the saturated pulse intensity was set to 8000 μmol∙m^−2^∙s^−1^. The maximum efficiency of PSII photochemistry (*Fv*/*Fm*), the photochemical quenching (qP), the quantum yield of PSII electron transport (ΦPSII), the fraction of PSII centers that are open (qL), and the non-photochemical quenching (NPQ) were calculated according to the method of Maxwell and Johnson \[[@B52-ijms-19-03006]\]. The representative image data obtained from each experiment were normalized to a false color scale.

The state of PSI photochemistry and Chl *a* fluorescence in seedling leaves were measured with the dual PAM-100 fluorometer (Heinz-Walz Instruments, Effeltrich, Germany) with a ChlF unit and P700 dual wavelength (830/875 nm) unit according to Klughammer and Schreiber \[[@B53-ijms-19-03006]\]. Plants were kept in the dark for 30 min and for 2 min in the measuring head prior to measurements. The effective quantum yield of PSI (ΦPSI), oxidation status of PSI donor side (Φ~ND~), and reduction status of PSI acceptor side (Φ~NA~) were obtained according to Klughammer and Schreiber \[[@B53-ijms-19-03006]\].

State transition measurement was conducted using whole leaves following Pietrzykowska et al. \[[@B54-ijms-19-03006]\]. Preferential PSII excitation was obtained by a blue-light (40 μmol∙m^−2^∙s^−1^) provided by a SL 3500-R-D lamp equipped with a 650-nm interference filter. The seedlings were exposed to red and far-red light treatment with customized LED light sources (SL 3500-R-D) as previously described by Leoni et al. \[[@B55-ijms-19-03006]\]. Fm level in State I (Fm') and State II (Fm'') were obtained at the end of each state transition cycle by the application of the saturating light pulse.

Net photosynthetic rate (*P*n), stomatal conductance (Gs), transpiration rate (Tr) and intercellular CO~2~ concentration (Ci) were measured using the GSF-3000 photosynthesis system (Heinz-Walz Instruments, Effeltrich, Germany) at a photosynthetically active radiation (PAR) of 1500 μmol∙photons∙m^−2^∙s^−1^. The 360 μmol∙mol^−1^ CO~2~ concentration and 70% relative humidity at room temperature was used for measurement of the CO~2~ assimilation rate \[[@B56-ijms-19-03006]\].

4.5. Measurement of Reactive Oxygen Species (ROS) {#sec4dot5-ijms-19-03006}
-------------------------------------------------

Hydrogen peroxide (H~2~O~2~) and superoxide (O~2~^•--^) in seedling leaves were visually recorded with 3,3-diaminobenzidine (DAB) and nitro blue tetrazolium (NBT), respectively. The second leaves were cut at the leaf base and immersed in 2 mg∙mL^−1^ DAB or 0.5 mg∙mL^−1^ NBT solution for 2--8 h with vacuum infiltration in darkness, and then the stained leaves were decolorized in 95% ethanol for 0.5--2 h in a boiling water bath \[[@B57-ijms-19-03006]\]. For further quantitative analysis of ROS, the content of H~2~O~2~ and O~2~^•--^ in leaves was measured according to the previous methods of Okuda et al. \[[@B58-ijms-19-03006]\] and Elstner and Heupel \[[@B59-ijms-19-03006]\], respectively.

4.6. Measurement of Antioxidative Enzymes and Non-Enzymatic Antioxidants {#sec4dot6-ijms-19-03006}
------------------------------------------------------------------------

For measurements of antioxidant enzymes, the leaves (0.5 g fresh weight) were ground with 5 mL ice-cold 50 mM potassium phosphate buffer (pH 7.8), which contains 2 mM ascorbate, 0.2 mM EDTA and 2% (*w*/*v*) polyvinyl polypyrrolidone (PPVP). After centrifugation (12,000× *g* for 30 min at 4 °C), the supernatants were used for enzyme activity assays. Peroxidase (POD), glutathione peroxidase (GPX), glutathione reductase (GR), ascorbate peroxidase (APX), catalase (CAT), and Superoxide dismutase (SOD), activities were measured according to the previous methods \[[@B60-ijms-19-03006]\].

The contents of reduced ascorbic acid (ASA) and dehydroascorbate (DHA) were measured by an HPLC method following Xu et al. \[[@B60-ijms-19-03006]\]. The extraction and detection to oxidized glutathione (GSSG) and reduced glutathione (GSH) were carried out following Bechtold et al. \[[@B61-ijms-19-03006]\].

4.7. Immunoblot Analysis {#sec4dot7-ijms-19-03006}
------------------------

Based on the method of Chen et al. \[[@B62-ijms-19-03006]\], thylakoid membrane proteins from seedling leaves were isolated under dim light. Then, Chl concentration of the thylakoid preparation was determined as described previously by Porra et al. \[[@B47-ijms-19-03006]\]. The thylakoid proteins were separated by 15% SDS-PAGE, and subsequently shifted to a polyvinyldifluoride (PVDF) membrane (Immobilone, Millipore, Darmstadt, Germany). D1, D2, CP43, Lhcb1, Lhcb2, Lhcb3, Lhcb4, Lhcb5, Lhcb6, PsaD, Lhca1, Lhca2, Lhca3, and Lhca4 were immuno-detected with protein-specific antibodies, which were bought from Agrisera (Umea, Sweden). Then, the horseradish peroxidase-conjugated secondary antibody (Agrisera Comp., Umea, Sweden) and a chemiluminescent detection system (ECL, GE Healthcare, Buckinghamshire, UK) were used for detecting the immunoblotting signals. Final quantitative analysis of the protein bands was carried out with the Quantity One software (Bio-Rad Comp. Hercules, CA, USA).

4.8. Statistical Analysis {#sec4dot8-ijms-19-03006}
-------------------------

All analyses were performed in four independent replicates and values were shown as mean ± standard deviation (SD). Data for various parameters among wheat with different ploidy levels and octoploid Triticale was statistically analyzed by one-way ANOVA at the level of *p* \< 0.05 using Duncan's multiplication range test by the SPSS Statistics 19.0 software (IBM, Chicago, IL, USA).

5. Conclusions and Perspective {#sec5-ijms-19-03006}
==============================

In the present study, we found that wheat with different ploidy levels and octoploid Triticale differed in photosynthesis, ROS accumulation, and antioxidant enzymatic systems. Our results indicated that hexaploid wheat and octoploid Triticale show high photosynthetic capacities and have more effective antioxidant defense systems. Here, we propose that hexaploid wheat and octoploid Triticale have developed more effective photosynthetic apparatus and protective mechanisms in the process of plant evolution. Increase of ploidy levels may make these species more competitive, and therefore might be a strategy for the rapid selection and breeding of excellent wheat varieties under changing agricultural and natural ecosystems. Further research is needed in order to elucidate which genome is more effective in photosynthesis under natural conditions (photoinhibition and high temperature stress usually happen at noon). Also, investigations are necessary to identify which genome has better ROS-scavenging systems under environmental changes.

So far, our results cannot distinguish between the influences of BB genome and tetraploid chromosome structure in the determination of the better performance of tetraploid H89 than diploid Z16. Genomes and genes involved should be independently identified and potential synergistic effects should be further investigated in the future.
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![Phenotype (**A**), carotenoid (**B**), chlorophyll content (**C**), and chlorophyll *a*/*b* ratio (**D**) in Z16, H89, CN19, and XZ31. Values are means ± SD from four independent biological replicates (*n* = 4). Different letters indicate significant differences among Z16, H89, CN19, and XZ31 (*p* \< 0.05) following Duncan's multiplication range test. Z16, H89, CN19, and XZ31 present accessions of *Triticum monococcum* (W2n), *Triticum dicoccum* (W4n), *Triticum aestivum* (W6n), and octaploid Triticale (T8n), respectively.](ijms-19-03006-g001){#ijms-19-03006-f001}

![The values of parameters derived from P700 absorbance in leaves of Z16, H89, CN19, and XZ31. ΦPSI (**A**), effective quantum yield of PSI; Φ~NA~ (**B**), quantum yield of non-photochemical energy dissipation of PSI reaction centers due to acceptor side limitation; Φ~ND~ (**C**), quantum yield of non-photochemical energy dissipation in PSI reaction centers due to donor-side limitation (**C**); *P*m (**D**), maximal P700 signal. Values are means ± SD from four independent biological replicates (*n* = 4). Different letters indicate significant differences among Z16, H89, CN19, and XZ31 (*p* \< 0.05) following Duncan's multiplication range test. Z16, H89, CN19, and XZ31 present accessions of *Triticum monococcum* (W2n), *Triticum dicoccum* (W4n), *Triticum aestivum* (W6n), and octaploid Triticale (T8n), respectively.](ijms-19-03006-g002){#ijms-19-03006-f002}

![Chlorophyll fluorescence parameters (*Fv*/*Fm* (**A**,**E**), maximum efficiency of PSII photochemistry; ΦPSII (**B**,**F**), quantum yield of PSII electron transport; qL (**C**,**G**), fraction of PSII centers that are open; qP (**D**,**H**), photochemical quenching coefficient) in Z16, H89, CN19, and XZ31. Representative fluorescence images with quantitative data (±standard deviation) are presented on the left panel. Quantitative values (±SD) from four independent biological replicates are shown on the right panel. Different letters are significant differences at *p* \< 0.05 level (Duncan's multiple range test). Z16, H89, CN19, and XZ31 present accessions of *Triticum monococcum* (W2n), *Triticum dicoccum* (W4n), *Triticum aestivum* (W6n), and octaploid Triticale (T8n), respectively.](ijms-19-03006-g003){#ijms-19-03006-f003}

![Non-photochemical quenching (NPQ) kinetics of Z16, H89, CN19, and XZ31 seedlings illuminated with 1000 µmol∙photons∙m^−2^∙s^−1^ for 10 min with a 15 min period darkness, as indicated by the white and black bars. Data represent an average of four independent measurements and are expressed as mean ± SD. Z16, H89, CN19, and XZ31 present accessions of *Triticum monococcum* (W2n), *Triticum dicoccum* (W4n), *Triticum aestivum* (W6n), and octaploid Triticale (T8n), respectively.](ijms-19-03006-g004){#ijms-19-03006-f004}

![Net photosynthetic rate (*P*n), transpiration rate, intercellular CO~2~ concentration, and stomatal conductance of Z16, H89, CN19, and XZ31. Values are means ± SD from four independent biological replicates (*n* = 4). Different letters are significant differences at *p* \< 0.05 level (Duncan's multiple range test). Z16, H89, CN19, and XZ31 present accessions of *Triticum monococcum* (W2n), *Triticum dicoccum* (W4n), *Triticum aestivum* (W6n), and octaploid Triticale (T8n), respectively.](ijms-19-03006-g005){#ijms-19-03006-f005}

![Measurement of reactive oxygen species (ROS) in Z16, H89, CN19, and XZ31. Histochemical analysis for superoxide anion radicals (O~2~^•--^) and hydrogen peroxide (H~2~O~2~) by nitro blue tetrazolium (NBT) (**A**) and 3,3-diaminobenzidine (DAB) (**B**) staining, respectively. Then, superoxide anion radicals (O~2~^•--^) production rate (**C**) and hydrogen peroxide (H~2~O~2~) content (**D**) were determined. Values are expressed as the means ± SD (*n* = 4). Different letters indicate significant differences at *p* \< 0.05 level (Duncan's multiple range test). Z16, H89, CN19, and XZ31 present accessions of *Triticum monococcum* (W2n), *Triticum dicoccum* (W4n), *Triticum aestivum* (W6n), and octaploid Triticale (T8n), respectively.](ijms-19-03006-g006){#ijms-19-03006-f006}

![The activities of SOD, superoxide dismutase (**A**); POD, peroxidase (**B**); CAT, catalase; (**C**); APX, ascorbate peroxidase (**D**); GR, glutathione reductase (**E**); and GPX, glutathione peroxidase (**F**) in Z16, H89, CN19, and XZ31. Values are expressed as the means ± SD (*n* = 4). Different letters indicate significant differences at *p* \< 0.05 level (Duncan's multiple range test). Z16, H89, CN19, and XZ31 present accessions of *Triticum monococcum* (W2n), *Triticum dicoccum* (W4n), *Triticum aestivum* (W6n), and octaploid Triticale (T8n), respectively.](ijms-19-03006-g007){#ijms-19-03006-f007}

![Immunoblot analyses of thylakoid proteins obtained from Z16, H89, CN19, and XZ31. Immunoblotting of thylakoid proteins were done using specific antibodies against representative photosystem I (PSI) (Lhca1, Lhca2, Lhca3, Lhca4, PsaD) and photosystem II (PSII) proteins (D1, D2, CP43, Lhcb1, Lhcb2, Lhcb3, Lhcb4, Lhcb5, Lhcb6) (**A**). Proteins corresponding to 0.25, 0.5, and 1 µg Chl (1/4, 1/2, and 1, respectively) were loaded. The SDS-PAGE results after Coomassie blue staining (CBS) were presented in the bottom panel (**B**). Loading was according to equal amount of total Chl (1 or 0.5 µg of Chl). Z16, H89, CN19, and XZ31 present accessions of *Triticum monococcum* (W2n), *Triticum dicoccum* (W4n), *Triticum aestivum* (W6n), and octaploid Triticale (T8n), respectively.](ijms-19-03006-g008){#ijms-19-03006-f008}
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###### 

Seed germination, seedlings growth at trefoil stage, and 1000-grain weight (g) in Z16, H89, CN19, and XZ31.

  Parameters                               Z16              H89              CN19             XZ31
  ---------------------------------------- ---------------- ---------------- ---------------- ----------------
  \(a\) Seed germination                                                                      
  Germination rate (%)                     49.3 ± 0.7 ^c^   62.5 ± 0.6 ^b^   87.8 ± 0.9 ^a^   35.2 ± 1.1 ^d^
  Germination potential (%)                39.1 ± 0.3 ^c^   59.2 ± 0.8 ^b^   83.4 ± 0.6 ^a^   32.5 ± 0.5 ^d^
  Germination index (%)                    31.1 ± 0.5 ^c^   49.3 ± 0.3 ^b^   74.7 ± 0.5 ^a^   27.7 ± 0.6 ^d^
  \(b\) Seedling growth at trefoil stage                                                      
  Root length (cm)                         8.2 ± 0.3 ^d^    14.5 ± 0.2 ^c^   18.2 ± 0.1 ^b^   19.7 ± 0.3 ^a^
  Root number                              5.1 ± 0.6 ^b^    5.6 ± 0.3 ^b^    5.4 ± 0.2 ^b^    7.2 ± 0.2 ^a^
  Seedling height (cm)                     3.3 ± 0.3 ^d^    7.4 ± 0.1 ^a^    4.4 ± 0.2 ^c^    6.3 ± 0.1 ^b^
  Total length of seedlings (cm)           25.3 ± 0.3 ^c^   44.2 ± 0.7 ^b^   44.4 ± 0.5 ^b^   46.9 ± 0.5 ^a^
  Leaf area (cm^2^)                        2.1 ± 0.1 ^d^    4.8 ± 0.1 ^c^    8.7 ± 0.2 ^b^    7.3 ± 0.2 ^a^
  \(c\) 1000-grain weight (g)              7.9 ± 0.1 ^d^    41.4 ± 0.7 ^b^   52.8 ± 0.3 ^a^   33.2 ± 0.3 ^c^

The values are means ± SD from four independent biological replicates. Small letters indicate a significant difference among Z16, H89, CN19, and XZ31 at *p* \< 0.05 (Duncan's multiplication range test). Z16, H89, CN19, and XZ31 present accessions of *Triticum monococcum* (W2n), *Triticum dicoccum* (W4n), *Triticum aestivum* (W6n), and octaploid Triticale (T8n), respectively.
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###### 

Stomata of the second leaf and osmotic regulators in Z16, H89, CN19, and XZ31.

  Parameters                                  Z16                H89               CN19              XZ31
  ------------------------------------------- ------------------ ----------------- ----------------- ------------------
  \(a\) Stomata of the second leaves                                                                 
  Single stomatal perimeter (μm)              135.8 ± 13.8 ^c^   170.3 ± 5.2 ^b^   205.2 ± 6.4 ^b^   232.4 ± 12.7 ^a^
  Single stomatal area (μm^2^)                1174 ± 45 ^d^      2067 ± 38 ^c^     2365 ± 55 ^b^     2805 ± 68 ^a^
  Stomatal density (per mm^−2^ × 10^−3^)      49.9 ± 2.2 ^a^     29.5 ± 1.6 ^b^    26.9 ± 1.2 ^bc^   24.3 ± 0.8 ^c^
  \(b\) Osmotic regulators                                                                           
  Soluble sugar content (mg g^−1^ FW)         83.1 ± 0.8 ^d^     90.6 ± 0.9 ^c^    115.8 ± 1.0 ^b^   130.3 ± 0.6 ^a^
  Proline content (mg g^−1^ FW)               37.8 ± 0.8 ^b^     41.2 ± 1.6 ^b^    51.6 ± 2.4 ^a^    51.2 ± 2.0 ^a^
  \(c\) Total protein content (mg g^−1^ FW)   7.8 ± 0.1 ^b^      12.6 ± 0.2 ^a^    13.3 ± 0.4 ^a^    12.2 ± 0.1 ^a^

The values are means ± SD from four independent biological replicates. Small letters indicate a significant difference among Z16, H89, CN19, and XZ31 at *p* \< 0.05 according to Duncan's multiplication range test. Z16, H89, CN19, and XZ31 present accessions of *Triticum monococcum* (W2n), *Triticum dicoccum* (W4n), *Triticum aestivum* (W6n), and octaploid Triticale (T8n), respectively.
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###### 

Details of species, accession, source, ploidy level, genome, ear and grain characteristics, and origin of genetic materials used in the study.

  Species           Accession    Genome     Sources   Ploidy                      Ear           Grain
  ----------------- ------------ ---------- --------- --------------------------- ------------- --------
  *T. monococcum*   Z16 (W2n)    AA         China     Diploid (2n = 2x = 14)      Dehiscent     Hulled
  *T. dicoccum*     H89 (W4n)    AABB       China     Tetraploid (2n = 4x = 28)   Indehiscent   Naked
  *T. aestivum*     CN19 (W6n)   AABBDD     China     Hexaploid (2n = 6x = 42)    Indehiscent   Naked
  *Triticale*       XZ31 (T8n)   AABBDDRR   China     Octaploid (2n = 8x = 56)    Indehiscent   Naked

*T*. = *Triticum*. W = wheat.

[^1]: These authors contributed equally to this work.
